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Abstract 
Thermal energy storage systems are considered as key components in actual and future thermal applications. Whereas the 
determination of the charge level of a sensible heat storage system can be easily carried out by temperature measurements, this 
task for Phase-Change-Materials PCM additionally consists of the measurement of solid and liquid shares of the storage material. 
In this paper, two possibilities of measuring the enthalpy of PCM storage systems will be presented. The first method is based on 
the volumetric change of PCM during the transition phase from solid to liquid, the second method uses different damping 
properties of solid and liquid materials. 
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1. Introduction 
Energy storage systems play an important role in combination with renewable fluctuating sources. Especially the 
success of solar thermal applications is often directly linked to proper thermal energy storages (TES). 
Actual TES in most cases are water-based, but a lot of research activities are focused on the development of new 
innovative storage technologies, like Phase Change Materials (PCM), sorption processes or thermochemical materials. 
For the usage of an energy system it is important to know, to which extent the storage is charged. This question can be 
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easily answered for water storages, since the stored energy directly corresponds to the temperature of the storage 
material (sensible heat) and can be determined with state-of-the-art measurement equipment.  
First results of an on-going project, which is engaged in the development of sensors for new innovative storage 
systems, will be presented in this paper. 
2. Objectives 
The determination of the state-of-charge (SOC) of not-water-based storage technologies turns out to be more 
complicated than for sensible heat stores. Especially the measurement of the heat content (enthalpy) of PCMs can only 
be carried out with temperature sensors, when the material is either complete in solid or complete in liquid phase. The 
interesting phase transition from solid to liquid involves a large latent heat, which cannot be sensed as a temperature 
change (see Figure 1 ). 
 
 
The objective of determining the enthalpy of a phase change material is mainly the task of sensing the ratio 
between solid and liquid phase. In this paper, two novel methods will be presented. Since the amount of solid and 
liquid shares will not be measured directly, the following approaches are also called “virtual sensors”. 
3. Volumetric change 
3.1.  Pressure measurement 
The phase change from liquid to solid is not only characterized by a change in the enthalpy but offers also a 
volumetric change. In a closed storage system the melting process goes along with an increase of the system internal 
air pressure (Figure 3). This pressure raise can be seen as a result of the temperature raise of the system internal air 
and additionally the expansion of the storage material. Taking the thermodynamic principles into account, a 
relationship between pressure and volumetric change can be calculated.  
The test bench for this virtual sensor can be seen in Figure 2. 
Figure 1: Stored enthalpy h as a function of temperature T for a material undergoing a phase 
transition at the melting temperature Tm 
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3.2. Reference values for Enthalpy 
As reference measurement the energy input to the heat exchanger can be used. While this can be done with 
relatively high accuracy, the thermal capacities of the test bench and the heat losses to the ambient also have to be 
considered. For the measurement of the energy gain due to thermal capacities, temperature sensors were placed on 
the walls, at the top and the bottom of the storage. Also a number of sensors were placed in the storage to gather 
information about the change of sensible heat of the PCM.  
Since the storage model was insulated before measurements, the heat losses were reduced. Nevertheless they 
have to be estimated for the evaluation of the method. In principle two approaches are considered: the first method 
consists in calculating the losses using the temperature sensors with the well-known theory of heat transport from 
surfaces to the ambient [1]. In this case, the geometry of the housing has to be known and should not be too 
complicated. To reduce uncertainties a second method - a parameter estimation approach - with measurement values 
has been used. 
 
 
Figure 3: Volumetric change from solid to liquid state 
Figure 2: Test rig for measurements 
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The parameter estimation was done with water because of the well-known temperature distribution within the 
storage material, where it was possible to estimate the losses as a balanced calculation of supplied thermal energy 
into the storage system and the increase of stored energy of the sensible storage material. The storage was heated up 
to 70°C and was then cooled down to ambient conditions (Figure 5). 
 
3.3. Test procedure and results 
With the reference measurement method it is possible to calculate losses with respect to the temperature of the 
storage housing and therefore the stored enthalpy within the PCM can be determined. With a test procedure with 
several heating and cooling cycles (Figure 6) with pressure and temperature measurements, it is possible to 
determine the stored enthalpy with respect to pressure values (Figure 7). 
 
 
Figure 4: Estimation of heat losses to ambient 
Figure 5: Temperature measurement during cool down 
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A well pronounced hysteresis can be seen during one heating and cooling cycle. Since there are no differences 
between the cycles, this can be taken into account in the enthalpy measurement. 
Another phenomenon occurs during the first heating process, which is not easy to compensate. The relation of 
pressure and energy content deviates from the following cycles. The most probable reason for this is the buildup of 
small cavities in the material after it was cooled by the ambient. This was not observed when the heat exchanger was 
used for cooling purposes. A CT-Scan was used to look for air bubbles. Figure 8 shows the melting process, where 
the housing of a PCM filled vessel was heated up. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Reference measurement of virtual sensor 
Figure 7: Heating cycles 
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4. Damping properties 
The propagation of acoustic waves in objects depends significantly on the material properties, in particular the 
state of aggregation. By applying an excitation to the storage body and the measurement of the acoustic signal on 
two different positions (Figure 9), the propagation speed and the signal damping can be determined. This 
information allows detecting the amount of liquid and solid shares within the storages systems. The test bench is the 
same as in the previous chapter. Measurements of the acoustic wave signal have been carried out with simple 
acceleration sensors in order to keep the costs down for future applications. 
 
 
The measurements were taken using acceleration sensors connected to a charge amplifier. The data was recorded 
with a digital oscilloscope. During one heating cycle several measurements were performed at different stages of the 
phase change. Therefore the storage wall was excited with a defined mechanical impulse to cover a broad frequency 
bandwidth. Other than the sensor on the storage wall, the sensor signal from the impulse hammer didn't show the 
same correlation to the state of charge. 
 
 
Figure 8: Cavities in PCM after cooling (a = solid 
PCM, f = liquid PCM) 
Figure 9: Implementation of acceleration measurement 
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For evaluation of the method the sensor on the wall (Sensor #2) was used. Figure 10 shows the dependency of the 
signal amplitude to the fraction of liquid material. 
5. Conclusions 
Novel thermal energy storage systems based on phase change materials, sorption materials and thermochemical 
reactions will be seen in the next decades within thermal applications. Key information of a storage system is the 
state of charge. At the moment there is no reliable method to measure this information. 
One existing approach is to gather the SOC information by temperature measurement. This implies high 
uncertainties and requires a large number of sensors to get a spatial resolution. Another possibility is to measure the 
heat flux through the heat exchanger and integrate charging and discharging energies with the consideration of the 
thermal losses. This procedure shows dramatic disadvantages, since errors in the estimated thermal losses cumulate 
with increased application time. 
A method like computer tomography which can measure density differences will show problems to penetrate 
metal and other high density materials which are typically used for heat exchangers and housings. But also such a 
method will dramatically raise the system costs. 
This work offers two methods for determining the enthalpy of a phase-change-material in closed storage systems, 
which can overcome the previously mentioned problems. While one method will only work for materials with high 
density differences between liquid and solid phase (e.g. paraffin), the principle of wave propagation can be used for 
any kind of phase change material. Sensors and measurement hardware are available at reasonable prices which 
makes a cost effective measurement system possible. 
Both presented methods allows to deliver information about the global SOC by using just one sensor, thus a 
further reduction of costs is achieved compared to a large number of local sensors. 
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